Background: Huntington's disease (HD) is a progressive neurodegenerative disorder associated with aging, caused by an expanded polyglutamine (polyQ) repeat within the Huntingtin (HTT) protein. In HD, degeneration of the striatum and atrophy of the cortex are observed while cerebellum is less affected. Objective: To test the hypothesis that HTT protein levels decline with age, which together with HTT mutation could influence disease progression. Methods: Using whole brain cell lysates, a unique method of SDS-PAGE and western analysis was used to quantitate HTT protein, which resolves as a monomer and as a high molecular weight species that is modulated by the presence of transglutaminase 2. HTT levels were measured in striatum, cortex and cerebellum in congenic homozygous Q140 and HdhQ150 knock-in mice and WT littermate controls. Results: Mutant HTT in both homozygous knock-in HD mouse models and WT HTT in control striatal and cortical tissues significantly declined in a progressive manner over time. Levels of mutant HTT in HD cerebellum remained high during aging.
INTRODUCTION
Huntington's disease (HD) is an autosomal dominant progressive neurodegenerative disorder caused by the expansion of a CAG repeat coding for a polyglutamine (polyQ) tract within exon 1 of the HD gene. There is currently no disease-modifying treatment for HD [1] . Unaffected individuals have less than 35Qs within the polyQ stretch in the aminoterminal domain of the protein Huntingtin (HTT), whereas individuals with 40Qs or above manifest disease and the length of the polyQ repeat correlates with the severity of disease phenotypes [2, 3] . Overt symptoms typically appear in mid-life and are associated with psychiatric symptoms, cognitive deficits, chorea, sleep disturbances and muscle wasting, with characteristic neuropathology involving atrophy of the cortex and loss of medium spiny neurons in the striatum [4] .
Disruption of protein homeostasis is a hallmark of HD and other neurodegenerative diseases [5] . This concept was initially set forth due to the accumulation of aggregation species, including neuronal protein inclusions in late stage mouse and human HD brain tissue [2] . The picture is much more complex given the multiple forms of mutant HTT protein (e.g., soluble monomers, soluble oligomers, insoluble oligomers, fibrils and fragments versus full-length), and the difficulty in defining the pathways instrumental in the dysregulation of protein homeostasis [6] [7] [8] . Mutation in HTT alters many cellular processes relevant to disease pathogenesis including autophagy, gene transcription, energy metabolism, DNA damage repair, endocytosis, vesicular transport, cell division, synaptic transmission and ciliogenesis, several of which may arise at least in part from decreased normal HTT functions [1, 9, 10] , although the mutation alone does not ablate normal functions and mutant HTT can rescue null HTT phenotypes in mice [11] . A pivotal role for autophagy in the maintenance of protein homeostasis and its dysregulation in neurodegeneration has emerged in recent years and enhancers of autophagy can modulate HD phenotypes [12, 13] . Autophagy is a cellular pathway in which substrates for clearance (cargos) are targeted to the lysosome to be degraded by proteases, generating fuel for the cell during times of starvation and functioning to protect the cell from cellular stresses including pathogen invasion, oncogenic, oxidative and endoplasmic reticulum stress, hypoxia and DNA damage [14] [15] [16] . In vivo, a loss of autophagy can contribute to aging and causes neurodegenerative phenotypes in knockout mice [17] .
Recently, our laboratory and another have independently demonstrated that at least one of the HTT protein's normal functions is that of a scaffold for selective autophagy [9, 18, 19] . In turn, HTT may itself be degraded through its selective autophagic scaffolding function, an activity potentially reduced by expansion of the polyQ repeat in the mutant HTT protein, contributing to the observed accumulation of mutant HTT and autophagic substrates in inclusions of diseased neurons [20] . However, levels of several autophagy proteins also decline over time, which contributes to a reduction in autophagic flux during aging [21] [22] [23] [24] . PolyQ expansion and aging could therefore cause a reduction in HTT function as an autophagic scaffold, resulting in impaired striatal proteostasis, even in the context of the mutant protein. Since HTT gene silencing to reduce HTT protein levels is currently being investigated in depth as a therapeutic for HD [25] [26] [27] , it is critical to develop methods to accurately measure levels of WT and mutant HTT forms in HD and control brain tissue over time to evaluate if there is a correlation between HTT abundance, disease progression and aging.
As a first step in evaluating whether HTT abundance might impact HD pathogenesis, it was necessary to establish robust biochemical assays to visualize HTT levels and define flux as mice age. In this manuscript, we further establish and validate a unique western assay system to facilitate resolution of high molecular weight SDS-resistant species compared to soluble HTT monomer in brain whole cell lysate. We tested the hypothesis that overall cellular HTT protein levels might be modulated in the presence of the expanded repeat mutation and decline normally over time in WT mice and during disease pathogenesis in full-length homozygous mutant HTT knock-in mice. To visualize both soluble 350kD HTT full-length (FL) monomer and a high molecular weight (HMW) transglutaminase 2 (TG2)-modulated species of WT and of mutant HTT, we used unique SDS-PAGE gels and western analysis designed to measure total HTT abundance in brain tissue from HD and WT mice using a panel of HTT antibodies. We find that similar to several other autophagy proteins, normal HTT levels decline in WT control animals. In two independent HD knock-in mouse models, mutant HTT levels also decline with age, potentially contributing to the protein dyshomeostasis observed in HD. These results are consistent with the idea that a loss of HTT function, even in the mutant protein context, may contribute to HD pathogenesis.
MATERIALS AND METHODS

Q140 and HdhQ150 knock-in mice
Tissue was obtained from mice bred and housed at the University of California, Los Angeles (UCLA) and was a generous gift from Marie-Francoise Chesselet. Homozygous Q140 and HdhQ150 mutant mice and WT littermates that have been fully backcrossed onto the C57Bl/6 strain were used. In order to achieve full backcrossing of both Q140 and HdhQ150 models onto the C57Bl/6J strain, ten successive generations of backcrossed breeding results in a > 99.9% genetically pure C57Bl/6J background strain, which was confirmed by SNP analysis. Mice were bred in animal facilities operated by UCLA Division of Laboratory Animal Medicine. All mice were housed under identical conditions in temperature-and humiditycontrolled housing facilities, with access to food and water ad libitum. Mice were weaned by 14 days and by 21 days of age tail tips were biopsied for genotyping at UCLA. Tail biopsies were again collected when mice were euthanized, for re-genotyping.
Tail biopsies from other mice sampled from the Q140 and HdhQ150 colonies in parallel to the studies described herein were used for CAG repeat length analysis at Laragen, Inc. (Culver City, CA). CAG repeat lengths for a set of homozygous mutant mice from both backcrossed HD knock-in lines were determined (Laragen, Inc., Los Angeles, CA). For Q140 homozygotes (n = 18), the longer allele had a mean of 127 ± 2 CAG repeats, while the shorter allele had a mean of 119 ± 1 CAG repeats. For HdhQ150 homozygotes (n = 17), the longer allele had a mean of 141 ± 2 CAG repeats, while the shorter allele had a mean of 128 ± 2 CAG repeats. Thus, in the backcrossed colonies, both HD knock-in lines had shorter CAG repeat lengths than the original mixed-lineage lines, and HdhQ150 had significantly longer CAG repeats lengths on average than Q140 mice (Student's t-test, p < 0.001). All procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 1996, and approved by the UCLA Institutional Animal Care and Use Committee. Mice were always euthanized and tissue collected at the same time of day, during the light phase of the diurnal cycle.
Fresh frozen brain tissue was collected at 3, 6 and 12 months of age. Groups of n = 6 per mice genotype at each age were used (3 m Q140, n = 4 females, n = 2 males, 3 m WT littermates n = 4 females, n = 2 males; 6 m Q140, n = 2 females, n = 4 males, 6 m WT littermates n = 2 females, n = 4 males; 12 m Q140, n = 2 females, n = 4 males, 12 m WT littermates, n = 3 females, n = 3 males; 3 m HdhQ150, n = 3 females, n = 3 males, 3 m WT littermates n = 4 females, n = 2 males; 6 m HdhQ150, n = 3 females, n = 3 males, 6 m WT littermates, n = 3 females, n = 3 males; 12 m HdhQ150, n = 3 females, n = 3 males, 12 m WT littermates, n = 2 females, n = 4 males). The proportion of males and females did not significantly differ between groups (Fisher's exact test, p > 0.05, n.s.). Thus, the total number of Q140, HdhQ150 and WT littermate mice used in this study was n = 72. Mice were euthanized by cervical dislocation and fresh striatal, cortical and cerebellar tissue was dissected using a coronal brain matrix for mice with 1 mm divisions (Stoelting Co., Wood Dale, IL). Dissected tissue was transferred to 2 mL microcentrifuge tubes, snap-frozen in liquid nitrogen, and stored at -80 • C.
TG2 knock-out mice
C57BL/6 TG2 + /-mice were mated to generate TG2 + /+, TG2-/+, or TG2-/-pups. At 21 days, tail tips were biopsied for genotyping at Burke Medical Research Institute. All mice were housed under identical conditions in temperature-and humidity-controlled housing facilities. The use of animals and procedures were approved by the Institutional Animal Care and Use Committees of Weill Medical College of Cornell University. Genomic DNA for PCR was extracted from the tail with a DNeasy genomic DNA isolation kit (Qiagen) as described in [28] . Briefly, the TG2 knock-out alleles were detected using the primers 5 -CAGATAGGGATACAAGAAGCATTGAAG-3 and 5 -GC CCCACAAAGGAGCAAGTGTTACTATGTC-3 . Fresh frozen brain tissue was collected at 4 weeks of age. Mice were euthanized by CO 2 inhalation and fresh cortical tissue was dissected. Dissected tissue was transferred to 1.7 mL microcentrifuge tubes and snap-frozen in liquid nitrogen and stored at -80 • C.
Delta 17 knock-in mice
All experiments with mice were carried out in accordance with the ethical guidelines described in the "Guide for the Care and Use of Laboratory Animals", Laboratory Animal Resources, National Research Council, 1996 edition. All procedures were reviewed and approved by the Animal Care and Use Committee of the University of Virginia. Knock-in mice expressing a version of Htt lacking amino acids 2-17 (Htt N17 ) were generated as described [29] . Htt N17 / N17 mice ( 1-17 mice) were obtained from heterozygous intercrosses.
Western blot analysis of HTT protein from whole cell lysates
Brain whole cell lysate western analysis was performed similarly to that previously described by our laboratory for the analysis of HTT immunoprecipitated from nuclear and cytosolic fractions from brain tissue [30] . Brain tissue was dounced 20 times on ice in TPER buffer (Thermo) containing mini protease inhibitor and phos-stop pellets (Roche), 1 mM PMSF, 20 mM N-ethylmaleimide, phosphatase inhibitors 2 and 3 (Sigma-Aldrich), 10 ng/ml aprotenin, 10 ng/ml leupeptin, 5 mM NaF, 5 mM nicotinamide and 5 mM butyrate, pH 7.5. Lysates were not centrifuged, but were sonicated 3 x 10 sec on ice, then protein quantitated by Bradford analysis. 50g of each sample was resuspended in 35l of fresh loading buffer (2.083 ml of 1.5 M Tris-HCl, pH 6.8, 1 g SDS, 5 ml of 100% glycerol, 2.5 ml of beta-mercaptoethanol and 10 mg of bromophenol blue, then up to 10 ml with water). The samples were loaded on a hand-poured SDS-PAGE 8% gel upper layer (6 cm) and a 15% lower gel (4 cm) together with a DATD stacking gel of 0.75 cm thickness. The stacking gel was composed of 30% total acrylamide, which contains 4.5% DATD (N,N -diallyl-tartardiamide, Aldrich 156868-25) as a crosslinker. The stacking gel contained 1.25 ml of 1 M Tris-HCl, pH 6.8, 1.00 ml of 30%/4.5% DATD acrylamide stock, 50 l of 20% SDS and 7.65 ml of water. An amount of 50 l of 10% ammonium persulfate and 10 l of TEMED were added to the stacking gel solution-the stacking gel was poured on the top of the separating gel. A 20-lane comb was inserted and the stack allowed to polymerize for 1 h. Western blotting was done using 16% methanol and 0.05% SDS in the standard Tris/glycine 1 × buffer to PVDF (Millipore) membrane (overnight transfer, 56 volts at 4
• C). The membranes were blocked 30 minutes in TBS T20 Starting Block Buffer (Thermo) and then incubated overnight rotating at 4
• C with antibodies. Horseradish peroxidase-conjugated antibodies were detected using SuperSignal West Pico or Dura (Thermo) and western blots exposed to film were scanned then quantitated using the Scion software (Scion Software Solutions). Fluorophore-conjugated antibodies IRDye 680RD goat anti-rabbit 926-6801 (LI-COR. 1:20,000) and IRDye 800CW goat antimouse 926-32210 (LI-COR, 1:20,000) were detected and quantified using an Odyssey CLx Imager (LI-COR).
Immunohistochemistry quantitation of mutant HTT protein levels homozygous zQ175 knock-in brain slices
Perfusion-fixed brains from groups of 5 female zQ175 homozygous mice were Multibrainembedded in two blocks and sectioned at 35 microns (Neuroscience Associates); sections were stored in cryprotectant at -20C. Series containing every 24th section from each block were mixed and stained free-floating for HTT under uniform conditions as follows. Sections were washed, treated with sodium borohydride, blocked with 0.4% Triton X-100 in phosphate-buffered saline (TxPBS) and reacted overnight with 20 ng/ml rabbit monoclonal antibody to HTT (D7F7; Cell Signaling Technology). Antibody was detected with species-specific biotinylated anti-rabbit IgG (Vector Laboratories), Vector ABC Elite, and nickel-enhanced DAB (diaminobenzidine; Electron Microscopy Sciences) and glucose-glucose oxidase. After optimal development sections were mounted on gelatin-coated slides and cover-slipped. Stained sections were scanned on a flatbed scanner and digital images were uniformly adjusted and inverted in Photoshop CS. Consistent regions of interest were identified and the mean density and standard deviation determined for each group of five mice. Statistical differences were determined using one-way ANOVA with Bonferroni's Multiple Comparison Tests. The mice were obtained from the Jackson Laboratories CHDI colony and the CAG repeat for these mice was approximately 200.
Antibodies
Anti-HTT antibody VB3130 (Viva Bioscience), an antibody made identically to Anti-HTT PW0595 (Enzo Life Sciences) [31] , Anti-HTT D7H7 (Cell Signaling Technology) and Anti-HTT MAB2166 (Millipore Sigma) were used at dilutions of 1:1000. Anti-HTT HDB4E10 (Invitrogen) was used at 1:500 and Anti-HTT PW0595 (Enzo Life Sciences) was used at 1:5000. Anti-␣-tubulin T6074 (Sigma-Aldrich) was used at 1:2000 dilution and anti-GAPDH (IMGENEX IMG-5019A-1, RRID: AB 316884) at 1:1000. We used a previously validated custom-made rabbit monoclonal antibody (Epitomics) specific for mouse TG2 [28] . The concentration of the antibody is 1.01 mg/ml and it has been used at a dilution of 1:1000. VB3130-and PW0595-reactivity (Supplementary Figure 1) was monitored in transiently transfected St14A cells [31] fractionated to soluble and insoluble fractions [32] .
Statistical analysis
A critical value of p < 0.05 was used for all statistical analysis. Grubb's test for outliers was performed and if a significant outlier was identified in a group, it was removed before comparisons between groups were performed. SigmaPlot v12 (Systat) was used for all statistical analysis using one-way ANOVA or two-way ANOVA, as appropriate, with Bonferroni post-hoc tests. Planned comparison Student's t-tests were also used where indicated. Graphs were prepared using GraphPad Prism.
RESULTS
Validation of a western analysis assay to evaluate HTT protein levels in mouse brain whole cell lysate
To measure HTT levels in mouse brain tissue over time in WT and HD mice, we first developed a protocol that allowed the detection of both monomeric and a high molecular weight (HMW) form of WT HTT, which we found was a relatively abundant species in WT brain yet difficult to resolve in separating gels using standard western analysis approaches [30] . Here, we show that WT HTT can be reproducibly and quantitatively detected in mouse brain tissue whole cell sonicated lysates generated without centrifugation and using hand-poured SDS-PAGE gels (8% gel upper layer and 15% lower gel with a 4.5% DATD N,N -diallyl-tartardiamide stacking gel), allowing resolution of HMW WT HTT at the top of the separating gel, and a WT full-length (FL) monomer running at approximately 350 kD. We tested the specificity of the western signal for these WT HTT species using anti-HTT VB3130 (Viva Bioscience), a rabbit polyclonal antibody generated against HTT amino acids 1-17 peptide (Supplementary Figure 1 ). Western analysis was performed on whole brain cell lysates from WT mice and from engineered WT mice homozygously deleted for the first 17 amino acids of HTT ( 1-17 mice) [29] , thereby lacking the VB3130 epitope. HMW and FL WT HTT were detected in lysates from WT but not in lysates from 1-17 brain tissue (Fig. 1) , showing that these two species are specifically derived from HTT using this detection system. D7F7, another anti-HTT antibody (Cell Signaling) generated against a synthetic peptide corresponding to residues surrounding HTT proline 1220, detected both FL and HMW proteins in both WT and in 1-17 HTT mouse lysates (Fig. 1) , demonstrating that the HMW HTT species may be derived from the full-length protein.
One of the challenges in detection of HTT protein from brain tissue lysates involves the presence and activity of transglutaminases, which contribute to aberrant crosslinking of proteins in neurodegenerative disease and potentially impact levels of HTT detected by our western analysis approach defined above. These enzymes are a class of Ca 2+ -activated enzymes that catalyze transamidation reactions between glutamine and lysine residues to create irreversible inter-and intra-protein covalent crosslinks. There are four transglutaminases known to be expressed in brain, TG1, TG2, TG3 and TG6 [33] . TG2 plays a normal role in selective autophagic degradation of ubiquitinated proteins and in exosome formation, in addition to its well established functions in cell survival and death, and growth and differentiation [34] [35] [36] . TG2 localizes to astrocytes and microglia as well as neurons, and is activated in HD brain [37, 38] . Normal WT HTT is a TG2 substrate in vitro, and protein-protein crosslinking is increased in HD patient CSF [39] [40] [41] . Since TG2 can normally crosslink autophagy-related proteins [42] and given that WT HTT can function as an autophagic scaffold for ubiquitinated cargo [9, 19] , we asked whether the WT HMW HTT species we detect in brain might reflect irreversibly crosslinked WT HTT created by transglutaminases.
Whole cell levels of FL WT HTT monomer and HMW WT HTT from TG2-/-mice vs. controls were examined from cortical tissues to determine whether the HMW WT HTT species was still present or whether reduction of TG activity prevented its formation. VB3130 anti-HTT antibody was used for detection of the western analysis signal (Fig. 2A,  B) . TG2 knockout significantly increased levels of FL WT HTT monomer but reduced HMW WT HTT, suggesting that TG2 activity may help create a HMW crosslinked WT HTT species in brain under normal conditions. In addition to WT HTT, TG2 itself was present as a HMW species and as a monomer which suggests that TG2 and WT HTT may be covalently linked as a HMW species. HMW WT HTT was reduced but not absent upon TG2 knockout. This may reflect compensation by other TG isoforms, such as TG6 which is abundant in neurons [33] , in the TG2 knockout cortex [36, 43] , or by another potential transglutaminase in mammalian neurons, neuron-specific enolase, as its homolog in the yeast Candida albicans was recently found to have transglutaminase activity [44] . Therefore, our data suggests that transglutaminase activity may help create the HMW HTT species, which is of relevance when measuring HTT abundance in brain tissue, where the presence of transglutaminases make resolving total HTT more difficult. This data is important in the development of this western analysis assay, and it should be noted that the lysis buffer used for all brain tissue broken for western analysis in this study contains N-ethylmaleimide which covalently blocks the active site cysteine of transglutaminases [45] , inhibiting the activity of transglutaminases during and after cell lysis in this work.
Levels of HTT protein in brain are modulated by aging, tissue type, and HTT mutation
Using the HTT western analysis system described above, we went on to examine levels of FL and HMW mutant HTT in brain tissue over time from two homozygous knock-in (KI) models of HD, Q140 and HdhQ150, backcrossed onto the same C57Bl/6 background. Q140 KI mice express chimeric human/mouse exon 1 with an expanded CAG repeat and the human proline-rich region (PRR) inserted into In homozygous Q140 and HdhQ150 striatum, mutant FL and HMW HTT levels in whole striatal cell extract are visualized with 3 independent antibodies directed at the amino-terminal domain (VB3130), the central domain (D7F7) and the carboxy-terminal domain (HDB4E10) of HTT, demonstrating the HMW species contains the full-length HTT protein and validates the assay conditions Anti-GAPDH was used as a loading control, and also shown is a non-specific low molecular weight band detected by VB3130 demonstrating equal loading of extracts. the mouse Hdh gene, and HdhQ150 mice have 150 CAG repeats inserted into the mouse Hdh gene. Of the various KI models, Q140 [46, 47] and HdhQ150 [48] [49] [50] are among the best characterized.
To initially characterize immunoreactivity of FL and HMW HTT protein in brain tissue from these congenic homozygous Q140 and HdhQ150 mice compared with WT controls, tissues were evaluated, first at 3 months of age (Fig. 3) . In both homozygous mutant KI models, FL and HMW mutant HTT were detected using 3 separate anti-HTT antibodies that recognize different domains of HTT; VB3130 (amino acids 1-17), D7F7 (amino acids surrounding P1220), and HDB4E10 (amino acids 1844 -2131). These results demonstrate that the HMW HTT species contains the full-length HTT protein in these KI models.
Using western analysis with anti-HTT VB3130, we then quantitatively evaluated mutant and WT HTT abundance in striatum, cortex and cerebellum over time, using tissue from homozygous KI HD models Q140 and HdhQ150 and WT littermate control animals at 3, 6 and 12 months of age (Figs. 4-6 ). For each model, anti-HTT VB3130 detected FL mutant HTT levels that showed an apparent significant elevation at 3 months above FL WT control levels in all tissues, suggesting increased expression or abundance of the mutant protein in these mice compared to WT mice. FL and HMW HTT, both mutant and WT, significantly declined with age in striatum and cortex (Figs. 4 and 5) . In cerebellum (Fig. 6) , mutant HTT levels were sustained, in contrast to their observed reduction in striatum and cortex. These data may correlate with the reduced impact of mutant HTT on the cerebellum compared with striatum and cortex in HD [51] .
To further confirm the decline in HTT with age in mutant knock-in mouse striatum and cortex by an independent method of analysis (Fig. 7) , a comprehensive immunohistochemistry (IHC) study of anti-HTT D7F7 reactivity was run in slices of striatum and cortex over time in homozygous zQ175 knock-in mice, an HD mouse line derived from a spontaneous expansion of the Q140 CAG repeat [52] . This IHC quantitative data confirms that in cortex and striatum, mutant HTT levels decline with age.
To determine if ratios between soluble and HMW forms of HTT were altered over time, FL HTT and HMW HTT detected with anti-HTT VB3130 were compared. It was found that this HMW/FL ratio is not significantly altered within each genotype group over the time course of this study (Supplementary Figure 2) . We have determined that the HMW HTT species can be detected with phospho-and acetylspecific anti-HTT antibodies [30, 31] , and that the HMW/FL ratio may be dependent on the time of day the mice are sacrificed reflecting diurnal changes in HTT post-translational modification (unpublished results). Because of this observation, for this longitudinal study tissue was collected at the same time of day, during the light phase of the diurnal cycle.
As an independent test of the above standard western blots shown in Figs. 4-6 that used anti-HTT VB3130 normalized to ␣-tubulin detected by chemiluminescence, we reran striatal and cerebellar tissue lysates from the Q140 and HdhQ150 WT vs. mutant HTT mice using the DATD SDS-PAGE gel system and blotting, but used LI-COR analysis to quantitate levels of FL-HTT using both rabbit VB3130 and mouse MAB2166 anti-HTT antibodies normalized to mouse ␣-tubulin (Supplementary Figure 3) . Due to the system limitations to re-probe and detect using LI-COR, we stripped these blots and re-probed with rabbit D7F7 anti-HTT and detected by chemiluminescence. Similar to the data above (Figs. 4  and 6 ), VB3130-reactive mutant FL HTT is significantly higher than WT levels at the 3 month time point in both striatum and cerebellum, and then dramatically declines with age in striatum but the high levels are sustained in cerebellum. This relative elevation of striatal mutant HTT over WT levels at this initial time point was also visualized with chemiluminescence using a C-terminal anti-HTT antibody HDB4E10 (Fig. 3) , which was not sensitive enough to be used for LI-COR analysis. MAB2166 and D7F7 antibodies also confirmed the significant decline of FL mutant HTT in striatum with age and the correspondingly sustained levels of FL HTT in mutant Q140 cerebellum (Supplementary Figure 3 ), but do not show the elevated striatal mutant HTT-reactivity over WT levels at 3 months of age. This divergence between immunoreactivity detected by these antibodies may reflect differential post-translational modifications including phosphorylation, acetylation, SUMOylation, ubiquitination, O-GlcNAcylation and transglutamination of HTT in vivo at the 4 different epitopes of VB3130, HDB4E10, MAB2166 and D7F7. For instance, we previously found MAB2166 does not detect S13 phosphorylated HTT adequately by western analysis [31] , and the group of Dimitri Krainc has HdhQ150 cortex. Protein lysate samples were run across two western blots for each knock-in mouse line and data were averaged, n = 3 per group per western blot for a total of n = 6 mice per group. Graphs show mean+SEM (n = 6) HTT/␣-tubulin in 3, 6 and 12 months old Q140 and HdhQ150 mice and WT littermates, relative to WT levels at 3 months for (C) cortical FL HTT, and (D) cortical HMW HTT. Two-way ANOVA with Bonferroni post-hoc tests, within each knock-in mouse line: *p < 0.05, **p < 0.01, ***p < 0.001, compared to WT littermates at the same age; ∧ p < 0.05, ∧∧ p < 0.01, ∧∧∧ p < 0.001, compared to 3 month old mice of the same genotype.
determined that acetylation of HTT K444 blocks the epitope of MAB2166 (personal communication). IHC studies suggest that mice process human HTT differently from human brain, namely that D7F7 fails to react with human HTT in human tissue but reacts strongly with human HTT expressed as BAC97, YAC18 or YAC128 in Htt-/-mice (unpublished results). Whether this is a localized change in the D7F7 epitope is not clear. Paradoxically the mouse HTT sequence differs conservatively at two residues from the sequence of the human peptide immunogen used in the generation of the D7F7 monoclonal (Cell Signaling, personal communication). We conclude that mutant FL HTT levels significantly decline with age in striatum independent of the choice of anti-HTT antibody, despite challenges for the field in generating an anti-HTT antibody that detects all species of HTT.
DISCUSSION
We and others have shown that the HTT protein, mutated by polyQ expansion in HD, can normally function as a scaffold for selective autophagy [9, 18, 19] . Autophagic function declines over the mammalian lifespan, potentially contributing to pathogenesis of diseases associated with aging including neurodegeneration, cardiovascular disease, and cancer [17, 53] . This reduction in autophagic function with aging parallels a progressive reduction in levels of several autophagy proteins over time [21] [22] [23] [24] . The goal of the current studies was to evaluate whether levels of HTT exhibit a similar decline and whether there is tissue-specificity in the predicted decline. Future studies will evaluate autophagic function to determine whether the observed decrease translates to an impairment of HTT scaffold activity.
We measured abundance of HTT protein over time in striatum, cortex and cerebellum in two fully backcrossed homozygous knock-in HD mouse models and WT littermate controls. Western analysis was used to ascertain abundance of two specific species of WT and mutant HTT: full length (FL) ∼350kD monomeric HTT and a high molecular weight (HMW) form that migrates at the top of separating SDS-PAGE gels that are specifically designed Protein lysate samples were run across two western blots for each knock-in mouse line and data were averaged, n = 3 per group per western blot for a total of n = 6 mice per group. Graphs show mean+SEM (n = 6) HTT/␣-tubulin in 3, 6 and 12 months old Q140 and HdhQ150 mice and WT littermates, relative to WT levels at 3 months for (C) cerebellar FL HTT, and (D) cerebellar HMW HTT. Two-way ANOVA with Bonferroni post-hoc tests, within each knock-in mouse line: *p < 0.05, **p < 0.01, ***p < 0.001, compared to WT littermates at the same age; ∧ p < 0.05, ∧∧ p < 0.01, ∧∧∧ p < 0.001, compared to 3 month old mice of the same genotype. Fig. 7 . HTT levels decline in mutant homozygous zQ175 striatum and cortex with aging as detected by immunohistochemistry with D7F7 anti-HTT antibody. In homozygous zQ175 knock-in mutant mice there is a dramatic reduction in anti-HTT D7F7 detectable mutant HTT by immunohistochemistry analysis (IHC) in both striatum and cortex with age. Consistent regions of interest were identified and the mean density and standard deviation determined for each group of five mice. Statistical differences were determined using one-way ANOVA with Bonferroni's Multiple Comparison Test. *p < 0.05, ***p < 0.001, ****p < 0.0001. Graphs show mean+SEM (n = 5) relative HTT density.
to resolve this species. Using anti-HTT VB3130, an antibody with an epitope within the first 17 amino acids of HTT, mutant HTT levels fall sharply with aging in striatum and cortex in both models, but not in cerebellum where mutant HTT levels remain high. As cerebellum is significantly less affected in HD compared to striatum and cortex [51] , the sustained levels of mutant HTT may be protective to the cerebellum. Using VB3130 antibody, mutant HTT levels in striatum were also observed to be higher over that of WT HTT at the initial time point of three months in both mouse models, however this increase was specific for VB3130 and was not observed with D7F7 and MAB2166 anti-HTT antibodies. Most notably, all 3 antibodies detected the decline in striatal mutant HTT with age, as did IHC analysis of homozygous mutant zQ175 knock-in striatum with anti-HTT D7F7. Differences observed between anti-HTT antibodies, most obvious when comparing levels of WT to mutant HTT, may reflect alterations of the antibody epitopes induced by post-translational modification in vivo. We conclude that independent of the antibody chosen or the technique used for measurement of HTT levels, striatal mutant HTT in knock-in HD mice declines with age.
Autophagy, a lysosomal mechanism of protein and organelle clearance, is activated by, and acts to relieve cellular stress, and is important for organismal health and homeostasis [16] . A loss of autophagy in the CNS can cause neurodegenerative disease phenotypes associated with the accumulation of ubiquitin-containing aggregates and a progressive decline in motor function [54, 55] , similar to that observed in HD. Both HTT and the RB1CC1/FIP200 protein in mammalian cells have structure/function similarities with the yeast Atg11 autophagic scaffold protein [18] . Knockout of HTT in the CNS causes a striatal neurodegeneration [56] , while CNS knockout of RB1CC1/FIP200 results in degeneration of the cerebellum [57] , suggesting differential expression and tissue-selective autophagic function of mammalian Atg11 s in brain, consistent with the observed differential levels of mutant HTT in striatum, cortex and cerebellum.
We also found that the formation of WT HMW HTT levels are at least partially dependent on the presence of TG2, a protein previously described to covalently modify HTT, and to play a role in selective autophagic clearance of ubiquitinated cargos [34, [39] [40] [41] . TG2 itself migrates as a monomer and as a HMW species, therefore it is possible that HMW HTT is created through covalent modification by transglutaminases, and that TG2 and HTT may work together in the same crosslinked complex to scaffold ubiquitinated autophagic cargos for degradation by the lysosome, a hypothesis that remains to be tested. It should be noted that transglutaminases may confound quantitation of total HTT using standard SDS-PAGE gels, as a significant amount of HTT in brain tissue may be covalently crosslinked into a HMW species which is not resolved without the use of a DATD stacking gel and unique sample denaturing loading buffer, and not transferred adequately without the use of PVDF membrane with extra methanol and SDS in the western transfer buffer.
In mouse and Drosophila models of HD, transgenic mutant HTT exon 1 protein aggregates in neurons and is sufficient to cause neurodegeneration [58, 59] , while in turn can also induce a compensatory activation of autophagy [60] [61] [62] [63] . In full-length HD knock-in mouse models and in HD patients, incomplete splicing of mutant exon 1 HTT results in a short polyadenylated mRNA that is translated into mutant exon 1 HTT protein [64, 65] . As expression of autophagy proteins is increased by cellular stress [16] , the high levels of mutant HTT we observe using anti-HTT VB3130 in brain at 3 months in homozygous HD knock-in models compared to WT HTT in controls could reflect an early, potentially compensatory, upregulation of autophagy caused by mutant HTT exon 1 protein-induced stress due to incomplete HTT RNA splicing. Therefore, this higher level of VB3130-reactive full-length mutant HTT protein either reflecting increased HTT mutant protein levels and/or alterations in HTT N17 post-translational modification that affect the VB3130 epitope, may in fact be protective, given that mutant HTT is adequate to provide genetic rescue in a null background [11] and can supply cellular functions that promote survival [66, 67] . Higher mutant HTT levels could also combat impaired function of the HTT protein caused by expansion of the polyQ repeat, previously demonstrated to reduce protective phosphorylation events within HTT that may activate its autophagic function and clearance [18, 31, [68] [69] [70] . In parallel, lowered HTT levels with aging, even in the context of mutant HTT, could contribute to HD onset due to a reduction in HTT function. It remains to be determined the level of HTT that is sufficient to maintain adequate HTT functions in humans.
Based on the data here and in published literature, we propose that HD may be modulated by a delicate balance between the deleterious effects of the chronic expression of mutant exon 1 HTT protein on one hand [64, 65] , and HTT's normal function on the other [9, 19] , that alone is ultimately not sufficient to prevent onset of HD but may serve as a modifier of disease onset and progression. To delay HD onset or slow its progression, we suggest that therapies based on blocking the production of incompletely spliced mutant HTT, thereby reducing mutant exon 1 protein production, or inducing pathways that activate HTT's autophagic scaffold function and autophagy in general to increase clearance of toxic mutant exon 1 protein fragment are likely to be effective. Moreover, these interventions will be optimal early in disease progression before lysosomal function becomes impaired with aging, which could then render this pathway induction toxic [71] [72] [73] .
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